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(54) Process Integrating a solid oxide fuel cell and an Ion transport reactor 



(57) An integrated system utilizing a solid oxide fuel 
cell and at least one Ion transport reactor to generate 
electric power and a product gas by delivering an oxy- 
gen-containing gas. typically air, to a first cathode side 
of the solid oxide fuel cell and delivering a gaseous fuel 
to a first anode side. Oxygen ions are transported 
through a membrane in the fuel cell to the first anode 
side and exothermafly react with the gaseous fuel to 
generate electric power and heat. The heat and oxygen 
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transport produces a higher-temperature, reduced-oxy- 
gen-content gaseous retentate stream exiting the cath- 
ode side of the solid oxkie fuel cell which is delivered to 
a first ion transport reactor where a substantial portion 
of the residual oxygen is transported through an oxygen 
selective ion transport membrane. A product gas 
stream is then recovered. 
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Description 

FIELD OF THE INVENTION 

5 [0001] This invention relates to a process for the co-generation of power and at least one product gas. More particu* 
larly, the process integrates a solid oxide fuel cell and an ion transport reactor. 

BACKGROUND OF THE INVENTION 

10 [0002] Electrical power is traditionally generated by a thermodynamic process. Heat, for exanple, may be generated 
by burning oil in a boiler to superheat pressurized water. The superheated water is expanded into pressurized steam 
that mechanically rotates a turbine. Rotation of the rotor windings of an electric generator rotor connected to the turbine 
through an appropriate magnetic field generates electrical power. 

[0003] Conventional electrical power generation uses a thermal/mechanical process the efficiency of which is limited 
75 by the Carnot cycle. The Camot cyde mandates that even under ideal condrtior^, a heat engine cannot convert all the 
heat energy supplied to it irrto m^hanical energy, and therefore a significant portion of the heat energy is rejected. In 
the Carnot cycle, an engine accepts heat energy from a high tanperature source, converts part of the heat energy into 
mechanical worK and rejects tiie remainder of the heat energy to a low temperature heat sink. The rejected heat energy 
causes a loss in efficiency. 

20 [0004] A different process for generating electricity utilizes a solid oxide fuel cell. Electrical power results from the 
direct conversion of the energy released by a chemical reaction into electi'ical power, ratiier than a thermai/rnechanicai 
process. As a result, solid oxide fuel cells are not limited in efficiency by the Carnot cyde and highly efficient electrical 
power generation is tiieoretically possible. 

[0005] One solid oxide fuel cell is disclosed in US. Patent No. 5,413,879 to Domeradd et al. that is incorporated by 
2$ reference in its entirety herein. The patent discloses a solid oxide fuel cell having a gas tight ceramic membrane that 
separates an air chamber from a fuel chamber. The ceramic membrane is typically a three layer composite having a 
gas tight core portion formed from a ceramic membrane material, such as yttria-stabilize zirconia, that selectively trans* 
ports oxygen ions by diffusion. A portion of the surface of the ceramic membrane in contact with air Is coated with an 
electrode that may be made of strontium-doped lanthanum manganite. A portion of the opposing surface of the ceramic 
30 memt>rane in contact with fuel is a fuel electrode that may be a nid<el-zirconia cermet. Interconnects are provided on 
botii electrodes which permit connecting several electrical cells in series or parallel and withdraw an electric cunent 
generated by the ion flux. Suitable solid fuel cells are disdosed in U.S. Patent Nos. 4,490.444 (Isenberg) and 4.728,584 
(Isenberg), each of which is hereby incorporated by reference in its entirety. 

[0006] Hot air contacts the air electrode and oxygen is separated from the air by ion transport through the ceramic 
35 membrane to the surface of the fuel electrode. A gaseous fuel, typically a light hydrocarbon such as natural gas or car- 
bon monoxide, contacts the fuel electrode surface and exothermally reacts with tiie oxygen ions to produce electricity 
and heat as the result of internal losses. Exiting tiie fuel cell are a hot partially oxygen depleted gas from the cathode 
or retentate side and reaction or combustion products from the anode or permeate side. 

[0007] Electric power generating systems using solid oxide fuel cells are limited in attainable eff iciendes due to sev- 
40 eral factors induding: (1) internal electrical losses primarily in the electrodes. (2) the high temperature in the range of 
about 700"C to about 1.000**C to which air must be heated; and (3) the fact that only a portion of the oxygen contained 
witiiin the hot air, typically on the order of between 20% to 30% by volume of the oxygen available, is transported 
through the ceramic membrane for reaction with the gaseous fuel. The remainder of the oxygen is discharged in the 
retentate stream exiting the air chamber. Part of the energy added to the retentate and permeate streams is lost as the 
45 result of pressure drop and limited effectiveness of optional recuperative heat exchangers. 

[0008] U.S. Patent No. 5,41 3,879 (Domeracki) disdoses conribining tine reaction products from chemical reactions in 
the fuel chamber with the hot gas retentate from the air chamber and reacting it with additional fuel in a combustor to 
further elevate tiie temperature of the mixture. The hot mixture heats a compressed gas which is used to drive a turbine. 
[0009] . Several types of ion transport membranes are disclosed in U.S. Patent No! 5.733,435 (Pressed et al.) For 
so membranes ttiat exhibit only ionic conductivity, external electrodes are placed on the surfaces of the membrane and the 
electron current is returned by an external drcurt In mixed conducting membranes, electrons are transported to tiie 
cathode side internally, thus completing a circuit and obviating the need for extemal electrodes in a pressure-driven 
mode. Dual phase conductors, in which an ionic conductor is mixed with an electronic conductor, may also be used for 
the same application. 

55 [0010] U.S. Patent No. 4,793.904 to Mazanec et al.. tiiat is incorporated by reference in its entirety herein, disdoses 
an ion transport mentbrane coated on botti sides witii an electrically conductive layer. An oxygen-containing gas con- 
tacts one side of the membrane. Oxygen Ions are transported through the membrane to the other side where the ions 
react with methgine or similar hydrocartx>ns to form syngas. The electrons released by the oxygen ions flow from the 
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conductive layer to external wires and may be utilized to generate electricity. 

[001 1 1 In a mixed conductor type membrane, the membrane has the ability to selectively transport both oxygen ions 
and electrons. It is not necessary to provide an external electric field for the removal of the electrons released by the 
oxygen ions. U.S. Patent No. 5.306,41 1 to Mazanec et al.. that is incorporated by reference in its entirety herein, dis- 
5 closes appficatron of mixed conductor and dual phase conductor membranes. The membrane comprises either "single 
phase" mixed metal oxides having a perovskite structure with both ion- and electron conductive properties or a multi- 
phase mixture of an electron-conductive phase and an ion conductive phase. The oxygen ion transport is disclosed as 
being useful to form syngas and to remediate flue gases such as NO^ and SO^. 

[0012] U.S. Patent No. 5.516.359 to Kang et al. discloses a ceramic ion transport membrane integrated with a high 
10 temperature process in which heat is utilized effectively for the operation of both the membrane and the high tenrpera- 
ture process. Hot compressed air contacts with an oxygen s^ective ion transport membrane and a portion of the oxy- 
gen contained within the air is transported through the membrane and removed as a product gas. The oxygen depleted 
residual gas is combined with a gaseous fuel and reacted to generate a high temperature gas useful to drive a tuitine 
that typically drives an air compressor and a generator for electrical power generation. 
IS (001 31 There remains, however, a need for a process that integrates ion transport reactors with the more efficient solid 
oxide fuel cell for the generation off one or more product gases and electric power to realize an improvement in effi- 
ciency 

OBJECTS OF THE INVENTION 

20 

[0014] It Is therefore an object of the invention to provide a process for the generation of both electric power and one 
or Hftore product gases including oxygen, nitrogen and carbon dioxide singly or in combination. 
[0015] It is a further object of the invention that such process efficiently integrates a solid oxide fuel cell with an ion 
transport reactor. This objective is aided by the foct that solid oxide fuel cells and oxygen ion transport membranes have 
2S similar operating temperatures. 

[001 6] Yet another object of the invention is to utilize the streams exiting the solid oxide fuel cell as feed streams to 
the ion transport reactor and to utilize the exiting stream from the retentate side and optionally also from the permeate 
side of the oxygen selective ion transport membrane to drive a turbine. 

[0017] It Is another object of the invention to utilize the heat generated on the anode side of the fuel cell, as the result 
30 of inefficient conversion of chemical energy into electrical energy, to heat the feed gas directed to the cathode of the 
oxygen transport separator to membrane operating temperature. 

[0018] It is yet another object of the invention to place the anode side of the fuel cell in series with anode side of a 
reactively purged ion transport membrane and add excess fuel to the fuel cell anode feed to be available as reactant in 
the purge stream and thereby raise the efficiency of the fuel cell energy conversion. 

35 

SUMMARY OF THE INVENTION 

[0019] This invention comprises a process for the generation of electric power and one or more product gases from 
an oxygen-containing gas and a gaseous fuel. A solid oxide foe! cell is provided having a first cathode or retentate side 

40 and a first anode or permeate side. A first ion transport reactor is provided having an oxygen selective ion transport 
membrane disposed therein, the membrane having a second cathode or retentate side and a second anode or perme- 
ate side. The oxygen-containing gas is contacted with the first cathode side and a gaseous fuel is contacted with the 
first anode side causing a first oxygen portion to be transported from the first cathode side to the first anode side as 
oxygen ions. The oxygen ions react with the gaseous fuel and generate heat and a flow of electrons that is recovered 

45 as electric power. A retentate gas with remaining oxygen is directed from the first cathode side of the solid oxide fuel 
cell to the second cathode side of the first ton transport reactor causing a second oxygen portion to be transported 
through the ceramic membrane to the second anode side. At least one product gas is recovered from one or more of 
the respective first and second anode and cathode sides. 

[0020] * In a preferred embodiment the oxygen-containing gas is air and is corhpressed prior to contacting the first 
so cathode side. Oxygen is recovered fi^om the second anode side. A recuperative heat exchanger transfers heat from exo- 
thermic reaction outputs to said oxygen^ntaining gas and to said first gaseous fuel upstream of said solid oxide fuel 
cell. 

[0021] In another prefen^ed embodiment the heat generated in the fuel cell, as the result of inefficient conversion of 
chemical to electrical energy of the anode side reaction, furnishes at least part of the energy required to heat the air 
55 stream to oxygen transport membrane operating temperature. Steam is used as a sweep gas for the second anode side 
and the second anode side permeate comprises a mixture of steam and oxygen that is utilized for coal gasification. A 
purge gas is contacted with the second anode side and a low oxygen content nitrogen gas is recovered as product gas. 
[0022] In yet another preferred embodiment the reaction products generated on the anode side of the fuel cell are 
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used to purge the anode of the oxygen transport separator. A second reactively purged ion transport reactor is disposed 
between the solid oxide fuel cell and the first ion transport reactor. In a pretended embodiment the fuel required in a reac- 
tively purged oxygen transport reactor is added to the fuel feed to the fuel cell and the anode sides of the fuel cell and 
said ion transport reactor are placed in series, thereby increasing the efficiency of the fuel cell. Either nitrogen product 
5 gas under pressure or electric power generated by the solid oxide fuel cell is used to drive the compressor that com- 
presses the oxygen-containing gas. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 [0023] Other objects, features and advantages will occur to those skilled in the art from the following description of 
prefenred embodiments and the accompanying drawings, in which: 

Rgure 1 schematically illustrates a solid oxide fuel cell integrated with a ceramic membrane ion transport reactor 
in accordance with the invention; 
IS Figure 2 schematically illustrates an integrated system for the co-production of power and oxygen; 

Figure 3 schematically illustrates an integrated system for the co-production of power and a mixture of oxygen and 
steam useful in a coal gasif ier; 

Rgure 4 schematically illustrates an integrated system for the co-production of power and nitrogen; 
Rgure 5 schematically illustrates an integrated system for the co-production of power, oxygen and nitrogen; 
20 Figure 6 schematically illustrates another integrated system for the co-production of electric power, oxygen and 
nitrogen; and 

Figure 7 schematically illustrates an integrated system for the production of essentially oxygen-free nitrogen. 
DETAILED DESCRIPTION OF THE INVENTION 

25 

[0024] This invention may be accomplished by integrating a solid oxide fuel cell with a ceramic membrane ion trans- 
port reactor. Preferably, a turbine is operated with one or more streams exiting the integrated system. Compressed air 
is delivered to the solid oxide fuel cell where a first portion of the oxygen contained within the air is transported through 
a ceramic ment)rane and exothermally reacts with a fuel gas to generate combustion products and electricity. A 

30 reduced oxygen content retentate stream is discharged from the solid oxide fuel cell cathode to the cathode of an ion 
transport reactor that has an oxygen selective ion transport membrane. A second portion of the oxygen contained within 
the air is transported through the oxygen selective ion transport membrane and may be recovered as a product gas or 
utilized in downstream reactions. The retentate from the ion transport membrane, while sut)stantially oxygen depleted, 
may still contain sufficient oxygen so that it is mixed in some emtxxJiments with a gaseous fuel and combusted to gen- 

35 erate a high temperature gas for driving a turbine. Alternatively, nitrogen may be recovered from the oxygen depleted 
stream. 

[0025] Figure 1 schematically illustrates a process integrating a solid oxide fuel cell 10 and a first ion transport reactor 
11 in accordance with the invention. The solid oxide fuel cell 1 0 has a ceramic membrane 12 that divides the solid oxide 
fuel cell 10 into a first cathode side 14 and a first anode side 16. 

40 [0026] The ceramic membrane 1 2 is oxygen selective and transports oxygen ions from the first cathode side 1 4 to the 
first anode side 16. One suitable material for the ceramic membrane 12 is ytria stabilized zirconia. A porous air elec- 
trode 18 covers substantially all of the first cathode side 14. One suitable nraterial for the air electrode 18 is strontium 
doped lanthanum manganite. A first interconnect portion 22 is not coated with the air electrode 18 and is electrically 
connected to a load 24. Oxygen ions are transported through the ceramic membrane 12 to the first anode side 16 that 

45 is coated with a porous fuel electrode 26 except for an electrical interconnect portion. Fuel electrode 26 that may be 
made of any material that effectively minimizes polarization losses and is stable in the reducing atmosphere such as a 
nickel-zirconia cermets. 

[0027] An oxygen-containing gas feed 28 is delivered to the first cathode side 14 and a gaseous fuel 30 is delivered 
to the first anode side 16. • ' 

50 [0028] The oxygen-containing gas feed 28, typically air, is delivered to the cathode side of the fuel cell at a tempera- 
ture somewhat below (typically 200 to 700®C below) the operating temperature of the fuel cell to act as heat sink for the 
heat generated by the fuel cell reaction. The operating temperature of the solid oxide fuel cell 10 is typically at a tem- 
perature above SOC'C and preferably in the range of from about 700*^0 to about 1 .OOC'C. Oxygen molecules in the feed 
air are dissociated to elemental oxygen on contact with air electrode 18. ""Elemental oxygen" refers to oxygen that is 

55 uncombined with other elements of the periodic table. While typk^ally in diatomic form, the term elemental oxygen as 
used herein is intended to encompass single oxygen atoms, triatomic ozone and other forms uncombined with other 
elements. Air is preferred as the oxygen-containing gas feed 28. 

[0029] The oxygen-containing gas feed 28 is preferably compressed, typically to a pressure of between 30 and 300 
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psia. and more prefferably to a pressure of between 100 to 230 psia. by compressor 32. The compressed oxygen-con- 
taining gas feed is then preferably warmed to an Intermediate temperature of between about 300''C and about SOO'^C. 
and more preferably to a temperature of from about 500"C to about TOO^C. and then delivered to the first cathode side 
1 4. The final heating of the feed air to fuel cell and oxygen transport membrane operating tennperatures occurs within 
5 the fuel cdl by virtue of the portion of the chemical energy of the anode side reaction which is not converted into elec- 
trical energy but is released as heat which in turn is transferred to elevate the temperature of the feed stream to the 
required level. 

[0030] The gaseous fuel 30 is any gas or combination of gases having a oor^tituent that e^arthermally reacts with 
elemental oxygen. The reactive constituent may be natural gas or mixtures of light hydrocaibons, methane, carbon 
10 monoxide, or synthesis gas ("syngas*^. Syngas is a mixture of hydrogen and carbon monoxide with a H2/CO molar ratio 
of from about 0.6 to about 6. A further component of the fuel gas. which may be undesirable in the fuel cell, in some 
emtxxjiments is a non-reactive diluent gas such as nitrogen, cartx)n dioxide or steam. 

[0031 ] The gaseous fuel 30 is preheated to a temperature of from about SOO^'C to about OOO^'C and then introduced 
to the first anode side 16. The reactive constituents of the gaseous fuel 30 exothermally react with elemental oxygen. 
IS Electrons 34 released by the oxygen ions provide electrical power to load 24. 

[0032] A portion of the oxygen contained in the oxygen-containing gas feed 28 is consumed by the reaction at the first 
anode side 16. A retentate stream 38 with reduced oxygen content is then conducted to a secorxJ catiiode side 40 that 
is a portion of a first ion transport reactor 1 1 . 

[0033] The first ion transport reactor 1 1 has an oxygen selective ion transport membrane 44 that separates the first 
20 ion transport reactor 1 1 into a second cathode side 40 and a second anode side 50. By "oxygen selective" it is meant 
that oxygen tons are preferentially transported across the oxygen selective ion transport membrane 44. from the second 
cathode side 40 to the second anode side 50, over other elements, and ions thereof. The oxygen selective ion transport 
membrane 44 is made from inorganic oxides, typified by calcium- or yttrium- stabilized zirconia. At elevated tempera- 
tures, generally in excess of 400''C, the oxygen selective ion transport membrane 44 contains mobile oxygen-ion 
25 vacancies that provide conduction sites for the selective transport of oxygen ions through the membrane. Transport 
through the menr^rane is driven by the ratio of partial pressure of oxygen (Poa) across the membrane: 0~ ions flow from 
the side with high P02 to the side with low Po2- Ionization of O2 to O" takes place at tiie second catiiode side 40 and 
the ions are then transported to the second anode side 50 where O2 is recoverable as a product gas. 
[0034] The oxygen selective Ion transport membrane 44 is formed as either a dense wall solid oxide mixed or dual 
30 phase conductor, or alternatively, as a thin film solid oxide mixed or dual phase conductor that is supported on a porous 
sut}strate. The oxygen-selective ion transport membrane 44 has a nominal thickness of under 5.000 mterons and is 
preferably less than 1,000 micrors thick. 

[0035] The oxygen selective ion transport membrane 44 transports oxygen ions and electrons at the prevailing oxygen 
partial pressure in the temperature range of from about 450^0 to about 1200''C when a chemical potential difference is 

35 maintained across tiie ion transport membrane surface caused by a ratio of oxygen partial pressures across the ion 
transport membrane. The oxygen ion conductivity is typically in tiie range of between 0.01 and 1 00 S/cm where S ("Sie- 
mensO is reciprocal ohms (I/O). Suitable materials for the oxygen selective ion transport membrane include per- 
ovskites and dual phase metal-metal oxide connblnations as listed in Table 2 of U.S. Patent No. 5.733.435 which is also 
incorporated by reference in its entirety herein. See also the materials disclosed in U.S. Patent Nos. 5.702.999 (Maz- 

40 anec) and 5,712.220 (Carolan et al.) A material witii a high ion conductivity, at least 0.5 and preferentially at least 1 
S/cm at 900°C. is desired for membrane 44 since the driving force for oxygen transport will typically be smalt ( < lO*'). 
A suitable material would be a mixture of lanthanum, strontium and oobaW oxides. 

[0036] Optionally a porous catalyst layer, in some emk^odiment made from the same perovskite nnaterial as the mate- 
rial of the dense membrane layer, is added to one or both sides of the oxygen selective ion transport membrane 44 to 
45 enhance oxygen surface exchange in tine chemical reactions on the surfaces. Alternatively, the surface layers of the 
oxygen selective ion transport membrane 44 may be doped, for example, with cobalt, to enhance surfeice exchange 
kinetics. 

[0037] The first iron transport reactor 1 1 is operated at an elevated temperature tiiat is sufficient to facilitate oxygen 
transport through the oxygen selective iron trarisport membrane 44. The operating temperature is at least 400°C, pref-* ^ 
so erably in the range of from about 400*^0 to about 1 ,200^0. and most preferably in the range from about 400^*0 to about 
1,000*»C. 

[0038] Approximately 30% to 60%. by volume, of the oxygen retained in the reduced oxygen gas feed output is trans- 
ported tiirough the oxygen selective ion transport merr^rane 44 and is recovered as oxygen product gas 52. The per- 
centage of oxygen that can be recovered depends on the respective oxygen partial pressures at the second cathode 
ss side 40 and second anode side 50. The percentage of oxygen recovered can be enhanced by reducing the oxygen par- 
tial pressure at tiie second anode side 50 by the use a sweep gas at the second anode side or vacuum pumping. 
[0039] Purge gases are oxygen scavenging gases such as natural gas, methane, methanol, ethanol and hydrogen. 
A sweep gas is a non-reactive gas ttiat reduces the oxygen partial pressure. Suitat)le sweep gases include cart>on diox- 
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ide and steam. 

[0040] Optionally an oxygen depleted retentate stream 54 Is directly expanded in a turbine 62 to generate turbine 
power 64 or it may be delivered first to a combustor 56 and reacted with a second gaseous fuel 58. The combustion 
products 60 are a high temperature gas of low oxygen content that may be used to drive the tuibine 62 to generate a 
5 turbine shaft power 64. 

[0041] The efficiency of the process illustrated in Rgure 1 is enhanced by the arrangement illustrated schematically 
in Figure 2. A recuperative heat exchanger 66 recovers heat rejected from elevated temperature gases such as product 
gas 52, combustion products 68 of solid oxide fuel ceil 1 0, and combustion products 60 of combustor 58. Optionally, the 
oxygen depleted output 54 bypasses combustor 56 and rejects heat to recuperative heat exchanger 66. The heat is 

10 used to raise the temperature of the oxygen-oontaining gas feed 28 and the gaseous fuel 30. 

[0042] The combustion products 68 may be discharged after recovery of waste heat as illustrated in Figure 2. Alter- 
natively, the combustion products 68 are conducted to the second anode side 50 as a sweep gas. shown in phantom 
as ant>w 68a. to enhance oxygen transport and recovery. In this alternative embodiment, the product gas 52 contains 
oxygen, water and caibon dioxide. After condensing out the water, a low purity oxygen stream diluted by carbon dioxide 

IS is recovered. If desired, the oxygen artd cart>on dioxide product gases can be separated by a downstream process such 
as thermal swing adsorption or polymeric membranes. 

[0043] Reactive purge arrangements are disclosed In "Reactive Purge for Solid Electrolyte Memtxane Gas Separa- 
tion", E.P. Pubt. No. 778.069, and incorporated herein by reference. Preferred configurations for ion transport modules 
utilizing a reactive purge are disclosed in "Solid Electrolyte Ionic Conductor Reactor Design". EP-A-0 875 285 and also 
20 incorporated herein by reference. Both applications are commonly owned with the present application. 

[0044] The oxygen depleted retentate 54, Fig. 2. contains between 6% and 12%. by volume, of residual oxygen and 
may be discharged 70 after rejecting heat to recuperative heat exchanger 66. or alternatively, a portion 70', or all, of the 
oxygen depleted retentate is expanded in turbine 62 to recover power. 

[0045] Since the oxygen depleted retentate 54 contains some residual oxygen, a combustor 56 may be inserted 
26 upstream of turbine 62 and the oxygen depleted retentate reacted with second gaseous fuel 58 to raise the turbine 62 
inlet temperature to between 1 lOO^'C and 1500**C thus increasing both the power generated and the thermal efficiency 
of ftte systenv 

[0W6] In the absence of combustor 56 or if expanded stream 60 is at too low a temperature, the energy required to 
sustain operation of the integrated system illustrated in the Rgure 2 is provided by the heat generated in the solid oxide 

30 fuel cell 10. The amount of heat generated depends on the efficiency of the solid oxide fuel cell 10 in converting chem- 
ical energy to electrical energy. This efficiency, in turn, dictates the portion 70' of the oxygen depleted retentate stream 
54 that may be expanded in the turbine 62 since, if the heat generated t>y the solid oxide fuel cell 10 is inadequate, a 
larger portion of the heat contained within stream 54 must be used in recuperative heat exchanger 66 to preheat the 
oxygen-containing gas feed 28 and gaseous fu^ 30. 

36 [0047] In an alternative emtKxJim^t, the recuperative heat exchanger 66 is replaced by a combustor (not shown) that 
is positioned upstream of the solid oxide fuel cell 10 to preheat the oxygen-containing gas feed 28 and gaseous fuel 30. 
[0048] Rgure 3 schematically illustrates an application of the integrated system that provides both oxygen and steam 
to a coal gasifier. As disclosed in EP-A-0 916 385, coal gasifiers require tx)th steam and oxygen, typically at a molar 
ratio of about 1 :2 and at elevated pressure. 

40 [0049] In this embodiment, air stream 28. fuel stream 30. and combustion products stream 68 from fuel cell 10 are 
similar to those of Rg. 2. Retentate stream 54 of module 1 1 . Fig. 3. is passed directly through heat exchanger 66 and/or 
through combustor 56* and turbine 62\ The second anode side 50 of module 1 1 is swept with steam 72 to enhance oxy- 
gen transport through the oxygen selective ion transport memtxane 44 by lowering the average oxygen partial pressure 
on the second anode side 50. The advantages of steam sweeping are discussed in co-pending, commonly owned. U.S. 

46 Patent Application Serial No. 08/972,020 (Attorney's Docket No. D-20.345) that was filed on November 18. 1997 and 
which is also incorporated t>y reference in Its entirety herein. 

[0050] The steam 72 is a part of a process loop 73 integrated into tiie fuel cell/Ion transport module system. Feed 
water 74 is pumped to a required pressure, typically on the order of 150 to 600 psi. by pump 76 and then evaporated 
and superheated, such as in recuperative heat exchanger 66. to produce the steam 72. Permeate stream 78 contains 
so a mixture of residual oxygen and steam. Stream 78, in a first embodiment, is directiy injected into a coal gasifier 80 
(shown as stream 102. but without the addition of stream 100'. described below). 

[0051] In a second embodiment, the stream 78 is divided into a first portion 82 injected into coal gasifier 80 and a 
second portion 84 that is expanded in turtsine 63. cooled and delivered to a condenser 86. Most of tiie steam is con- 
densed in condenser 86 and the condenser output 88 is a mixture of liquid water and water saturated oxygen. The water 
ss is separated from tiie mixture in a separator 90 and recycled water 92 is mixed with make up feed water 74. 

[0052] Water saturated oxygen 94 removed from separator 90 is cooled in a cooler 96 and compressed in compressor 
98. The compressed stream 100 is reheated, such as by passing through recuperative heat exchanger 66 as heated 
stream 100' and then blended with the first permeate stream portion 82 to produce stream 102. By controlling tiie pro- 
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portion of first portion 82 and compressed stream 100 to make up stream 102. the desired steam to oxygen ratio for 
coal gasifier 80 is obtained. 

[0053] Advantages of the system schematically illustrated In Figure 3 over a separate generation and injection of 
steam and oxygen to a coal gasifier include a reduction in required ton transport membrane area and savings in the 
s power required to compress oxygen. By blending a stream containing steam and oxygen with a second, high oxygen 
content stream, better control of the steam to oxygen ratio is achieved. Using steam as a sweep gas permits operating 
the cathode sides of the fuel cell ion transport reactor at pressures lower than gasifier pressure while saving oxygen 
compression power. 

[0054] Alternatively, a condenser (not shown) may be used to remove water from output 78 to ot)tain a lower steam 
10 to oxygen ratio. This alternative, however, wastes much of the energy contained within thai portion of the output 78 that 
is condensed reducing the efficiency of the system. 

[0055] Figure 4 schematically illustrates an integrated system having a solid oxide fuel cell 10 and a first ion transport 
reactor 1 1 useful for the co-production of power and nitrogen. Oxygen-containing feed gas 28. typically air, is com- 
pressed by compressor 32 to a pressure of between about 45 and 165 psia. The compressed air is then heated, such 

IS as by recuperative heat exchanger 66 to a temperature of between about 200*^0 and 700*^C and introduced to the first 
cathode side 14 of fuel cell 10. Approximately 60% to 70%. by volume, of the oxygen contained within the oxygen-con- 
taining gas feed 28 is transported through ceramic membrane 12 and exothermally reacts with the gaseous fuel 30. By 
maintaining a relatively high pressure on the first cathode side 14. a relatively high oxygen partial pressure is main- 
tained enabling a significant volume fraction of the oxygen to be transported through the ceramic membrane 12 and 

20 thus obtaining reasonable conversion eff ciency Due to the significant exothermic reactions occunring at the first anode 
side 16, additional cooling may be required to avoid an excessive temperature rise. 

[0056] The retentate 38 having reduced oxygen content is delivered to the first ion transport reactor 1 1 to complete 
removal of oxygen from the cathode side stream. The oxygen is transported through the oxygen selective ion transport 
memt^rane 44 and exothermally reacts with gaseous fuel 30* at the second anode side 50. The heat from this exother- 

25 mic reaction is absort^ed within a heater section 39 by temperature rise of the cathode side feed stream 38* which as 
stream 38 was cooled in heat exchanger 66 or in optional cooler 66'. Stream 54 retentate contains less than about 10 
ppm of oxygen and can be delivered at pressure as a high pressure nitrogen product 104 after the removal of useful 
heat by recuperative heat exchanger 66. Alternatively, at least a portion of the oxygen depleted stream 54 is expanded 
in turbine 62 and recovered as a low pressure nitrogen product 106. 

30 [0057] A first portion of the gaseous fuel 30 is delivered to the first anode side 16 of the solid oxide fuel cell 10. A 
second portion 30* of the gaseous fuel 30 can be delivered directiy to the second anode side 50 of the first ton transport 
reactor 1 1 . Preferably, the combustion products 68 serve as a diluent and are combined at junction 1 08 with tiie second 
portion 30* of the gaseous fuel 30 gas to purge the second anode side 50. Most preferably, all gaseous fuel 30 passes 
through the first anode side 16 to increase the average fuel partial pressure at the solid oxide fuel cell 10 anode and 

35 thereby maximize the efficiency of the fuel cell since a high fuel partial pressure will enhance the reaction kinetics on 
the fuel cell anode and thereby minimize polarization losses. 

[0058] The permeate gas 52 Is substantially water vapor and caxbon dioxide, since nitrogen is excluded from the 
anode side reactions, except for trace amounts contained within the fuel. If desired, a carbon dioxide product 109 may 
be recovered after condensing out the water. 

40 [0059] The system illustrated schematically in Rgure 4 generates a significant excess of heat because all the oxygen 
contained in the oxygen-containing gas feed 28 is exothermally reacted with gaseous fiiel 30. In small systems, this 
heat may be used to generate steam to export from the system. In larger systems, the excess heat may be utilized to 
produce additional power through a Rankine cycle 110. shown in phantom. In a Rankine cycle, the excess heat is 
directed to a boiler where tiie heat changes the water Into superheated steam. Expansion of steam to a lower pressure 

45 vapor drives a turbine to generate shaft power. Heat is then removed in a condenser as the steam is converted back to 
a saturated liquid low pressure. A pump then returns the pressure to the boiler pressure. Heat for the Rankine cycle 110 
is preferably removed from streams 38 and/or 54. 

[0060] Rgure 5 illustrates a system for the co-generation of nitrogen and oxygen. A second ion transport reactor 112 
is disposed between the solid oxide fuel cell 1 0 and the first ion transport reactor 1 1 . An oxygen-containing gas feed 28. 

so typically air. is compressed to a pressure of between 100 psia and 300 psia by a compressor 32 and heated, such as 
by recuperative heat exchanger 66. to a tenperature of between about 300**C and about 800''C. The heated oxygen- 
containing gas feed 28 is delivered to the first cathode side 14. Approximately 20% to 25%, by volume, of the oxygen 
contained within the oxygen-containing gas feed 28 is transported through the ceramic membrane 12 to exothermally 
react with gaseous fuel 30 generating electrical power delivered to load 24 and heat. The heat is effective to raise the 

55 temperature of the partially oxygen depleted retentate stream 38 to a temperature in tiie range of from about 900''C to 
about I.OOO^C. 

[0061] The partially depleted oxygen gas stream 38 is now at an effective temperature for oxygen separation in the 
second ion transport reactor 112 and approximately 40% to 60% of the remaining oxygen is transported through a oxy- 
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gen selective ion transport membrane 1 14 and recovered as oxygen product 116. A low oxygen-contalning retentate 
stream 118 discharged from the second ion transport reactor 1 1 2 rejects heat to heat exchanger 1 20. The rejected heat 
can be used for an external Rankine power cycle, delivered to recuperative heat exchanger 66 to make up thermal defi- 
ciencies in other parts of the system, or discharged as waste. A reduced temperature, typically on the order of 300 to 

5 700''C, low oxygen content stream 1 22 is introduced to the second cathode side 40 of the first ion transport reactor 1 1 . 
Typically, the oxygen content in the feed gas to the cathode side 40 of the first ion transport reactor 1 1 will be between 
2% and 7%, by volume, depending on whether a sweep gas (a suitable source could be stream 52 consisting of prod- 
ucts of combustion) is introduced to the third anode side 124 of the second ion transport reactor 112 to reduce the oxy- 
gen partial pressure at the third anode side, thereby increasing the driving force for oxygen transport through the 

10 oxygen selective ion transport membrane 1 14. The lower value is achieved if a sweep gas Is used. The remaining oxy- 
gen is transported through the oxygen selective ion transport membrane 44 and exothermally reacted with either gas- 
eous fuel 30. or a mixture of fuel and combustion product 60 where all fuel is introduced to the anode of fuel cell 10. at 
the anode side 50 of tiie first ion transport reactor 1 1 . The retentate from cathode side 40, oxygen depleted gas stream 
54. typically has an oxygen content of less than 10 parts per million. 

IS [0062] As described above, the oxygen depleted gas stream 54 may be recovered as a high pressure nitrogen product 
104. as low pressure nitrogen product 106 after stream 54' is expanded in power producing gas turbine 62. or a com- 
bination tiiereof. 

[0063] Product gas 52 from the second anode side 50 may be cooled to recover carbon dioxide 1 09 and water vapor. 
Alternatively, the product gas 52 may be delivered to the anode side 124 of the second ion transport reactor 1 12, in 
20 which case the permeate sfream 116 contains a mixture of carbon dioxide, oxygen and water vapor. If the water vapor 
is removed, siK^h as by condensation, the gas will contain about 75% to 92% oxygen by volume. Pure oxygen is 
obtained, after separation and recovery of tiie catbon dioxide and additional drying. 

[0064] The advantages of the invention described herein above will become more apparent from the examples that 
folkiw: 

25 

Example 1 

[0065] Figure 6 schematically illustrates a system that integrates a solid oxide fuel cell 1 0. a first ion transport reactor 
1 1 and a second ion transport reactor 1 12 to co-produce electric power for load 24. oxygen as product gas 52 and high 
30 pressure nitrogen 104 and tow pressure nitrogen 106. The nitrogen product streams are proportioned so that tiie power 
produced by gas turbine 138 is just sufficient to drive air conpressor 32. 

[0066] An oxygen-containing gas feed 28. air. is compressed by compressor 32 to a pressure of about 155 psia and 
after having been preheated in recuperative heat exchanger 66 is delivered to the first cathode side 14 and where it is 
further heated to a temperature of atx)ut 950''C due to heat generated by the exothermic reactions occurring at the first 
35 anode side 16. The solid oxide fuel cell 10 generates electric power that is withdrawn and after conditioning delivered 
to the load 24, such as an external power grid. The oxygen content of the partially depleted oxygen gas stream 38 is 
approximately 15%. by volume. 

[0067] Stream 38 is delivered to the third catiiode side 126 of tiie second ion transport reactor 112. Oxygen conre- 
sponding to 1 2% of tiiat contained in the feed air is transported through the second oxygen selective ion transport mem- 

40 brane 114 such that the oxygen content of retentate sfream 1 18 contains atx)ut 6% oxygen, by volume. Stream 1 18 is 
at an elevated temperature and rejects heat in a first superheater 128 to steam sfream 130. Sfream 122, now at 
reduced tenperature. is introduced to the second cathode side 40 where the residual contained oxygen is removed by 
a reactive purge gas sfream 68. typically consisting of fuel and combustion products coming from the first anode side 
16, of the first ion transport reactor 1 1 . 

45 [0068] The oxygen depleted stream 54. now a high purity nitrogen sfream. is split or divided at junction 1 32 Into a first 
sfream 134 which is recovered as high pressure nitrogen product 104 and a second stream 136 which is expanded in 
turbine 138 which drives the compressor 32. The split tsetween sfreams 136 and 134 is proportioned such that tiie 
power delivered by turbine 138 satisfies the requirements of the compressor 32 when the turbine and compressor are 
mechanically .coupled. The flow in excess of that required is recovered as high pressure nitrogen product 104. Waste 

so heat from tiie expanded second stream 140 is recovered by ttie Rankine cyde 1 10 before discharge from tiie system 
as low pressure nifrogen stream 106. 

[0069] The gaseous fuel 30 is heated in recuperative heat exchanger 66 and delivered to tiie first anode side 16. At 
the first anode side 16. the gaseous fuel 30 reacts exothermally with fransported oxygen to produce elecfric power and 
heat. The permeate sfream 68 exiting the first anode side 16 contains excess unburned fuel and comtxjstion products 
55 and is infroduced to the second anode side 50 of the first ion transport reactor 1 1 to serve as the reactive purge stream 
for removal of residual oxygen from the partially oxygen depleted gas feed 122. The permeate 144 from the second 
anode side contains prinnarily the products of combustion (cartx)n dioxide and water vapor) and Is discharged after 
recovery of useful heat in recuperative heat exchanger 66. 
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[0070] Alternatively, the gaseous fuel 30 is compressed by a conventional element (not shown) and the frst anode 
side 16 and the second anode side 50 are then operated at about the same pressure as the first and second 40 cathode 
sides 14 and 40. If this is done, the anode side products of combustion can be delivered at pressure for enhanced 
downstream recovery of carix)n dioxide or. if cartDon dioxide co-product is not desired, added to the second high pres- 
5 sure nitrogen stream 136 and expanded. This will permit recovery of additional high pressure nitrogen as product 104 
or the export of additional power. 

[007^] The third anode side 124 is purged by a sweep gas (steam in this construction) generated by pumping feed 
water 74 by pump 76 to a pressure of about 1,000 psia and delivering it to a boiler/heater 146 that converts it to steam 
130. The steam is then superheated In a second superheater 148 to a temperature that is sufficient to avoid moisture 

10 condensation during subsequent expansion to a pressure of about 1 50 psia in high pressure turbine 1 50. 

[0072] The expanded steam 130 is reheated in first superheater 128 and used to purge the thind anode side 124. This 
improves oxygen recovery and increases the driving force for oxygen transport. Such an application for a steam circuit 
is more fully disclosed in co-pending, commonly owned. U.S. Patent Application Serial No. 08^972,020 (Attorney's 
Docket Na D-20.345) that was incorporated by reference herdnabove. 

IS [0073] Stream 78 has a partial pressure of oxygen of about 20 psia and is delivered to a low pressure steam turbine 
1 52 at a pressure of about 1 50 psia. The expanded output 1 54. now at a pressure of 1 6 psia. is then cooled in the sec- 
ond superiieater 148 providing the heat required to superheat steam 130. The cooled, expanded output stream 156 
enters condenser 158 where a major portion of the contained water condenses, permitting recovery of the oxygen as 
product gas 52 from separator 90. Recycled water 92 may be combined with the feed water for return to pump 76 and 

20 thereby returned to a pressure of 1 .000 psia to complete the steam circuit. 

[0074] Table 1 identifies tiie inputs utilized to model tiie system illustrated in Rgure 6. 



Table 1 



PARAMETER 


VALUE 


FIGURE 6. RER 
NUMERAL 


Air Row 


8.33 MMNCFH 


28 


Air Con^ressor Discharge Pressure 


155 psia (4 Compression Stages) 


32 


Air Compressor Efficiency 


85% adiabatic 


32 


SOFC temperature 




10 


SOFC Efficiency 


60% 


10 


Hot Gas Turi3ine Inlet Pressure 


150 psia 


138 


Hot Gas Turbine Inlet Terrperature 


950'C 


138 


Hot Gas Turbine Exhaust Pressure 


16 psia 


138 


High Pressure Steam Turbine Inlet Pressure 


1.000 psia 


150 


High Pressure Steam Turiiine Inlet Temperature 


430'C 


150 


Low Pressure Turbine Inlet Pressure 


150 psia 


152 


Low Pressure Steam Turbine Inlet Terrperature 


900»C 


152 


Low Pressure Steam Turbine Exhaust Pressure 


16 psia 


152 


Steam Condensing Pressure 


14.7 psia 


158 


Steam Generated 


303 M IbsThr. 


130 



so 

[0075] The calculated results for the system are tabulated in Table 2. 



Table 2 



PARAMETERS 


VALUE 


FIGURE 6. RER 
NUMERAL 


Oxygen Product at 1 atm. 


1 ,000 MNCFH 57% Rec. of 02 in Air 


52 
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Table 2 (continued) 



PARAMETERS 


VALUE 


FIGURES REF 
NUMERAL 


Nitrogen Product at 9.86 atm. 


2.990 MNCFH 


104 


Net Power Generated 


98.100 KW 


36 


Heat Required 


711 MMBTU/Hr. 


For System 


Heat Rate 


7,247 BTU/KW Hr. 


For System 


Heat Rate with Credit for N2 Compression 


6.766 BTU/KW Hr. 


66 


Heat Rate with Add. Credit for Sep. at 
7KW/1,000 NCFH 02 


6.344 BTU/KW Hr. 


112 



IS 

[0076] The Table 2 results display a very attractive performance potential in terms of the heat rates realized notwith- 
standing the relatively modest peak temperatures employed in the cycle while obtaining respectable oxygen recoveries 
in comparison to conventional systems. As further benefit, a significant fraction of the nitrogen contained in the air is 
delivered at pressure. 

20 

PxqmplQ 2 

[0077] Rgure 7 schen^tically represents another integrated system in accordance with the invention. This system is 
particularly effective for the production of essentially oxygen-free nitrogen with the option for the co-production of oxy- 
25 gen and carbon dioxide. Utilizing the parameters presented in Table 3 below, the solid oxide fuel cell 10 is sized to 
deliver suffident power to drive the air compressor 162. 

[0078] An oxygen-containing gas feed 28, preferably air, is compressed by air compressor 1 62 to a pressure of about 
155 psia. The compressed air is then preheated, such as by recuperative heat exchanger 66. to a temperature of about 
800''C and introduced to the first cathode side 14 of the solid oxide fuel cell. Gaseous fu^ 30 is introduced to the first 

30 anode side 16 and exothermally reacted with oxygen ions transported through the ceramic membrane 12 generating 
heat, electridty and anode side stream 68 that is a mixture of combustion products and gaseous fuel. The electric 
power generated is utilized to drive an electric motor 164 that drives the air compressor 162. 
[0079] The partially oxygen depleted retentate stream 38 exiting tiie solid oxide fuel cell 10 is at a temperature of 
about 950''C. About 12%, by volume, of tiie oxygen contained in the air is consumed by the reaction with the gaseous 

35 fuel 30 at the first anode side 16. Partially oxygen depleted stream 38 is conducted to the third cathode side 126 of the 
second ion transport reactor 1 12 where about 60%, by volume, of the remaining oxygen is transported tiirough the sec- 
ond oxygen selective ion transport membrane 1 14. To enhance the removal and potential recovery of a significant frac- 
tion of the oxygen contained within the stream 38, the third anode side 124 is swept with the combustion products of 
either the first anode side 1 6, the second anode side 50 or the combination of botii. The sweep gas reduces the oxygen 

40 partial pressure at the third anode side 1 24 to increase oxygen recovery and or the driving potential for oxygen transfer. 
[0080] Retentate stream 118 from the third cathode side 126 contains about 6%. by volume, of oxygen. Stream 118 
is cooled in heat exchanger 166 producing a reduced temperature stream 122 to function as a heat sink 168 to absorb 
the heat of reaction generated downstream in first iron transport reactor 1 1 . The heat rejected from the low oxygen con- 
tent retentate stream 1 18 in heat exchanger 166 can be used to raise steam 1 70 for export or other uses. 

45 [0081 ] The reduced temperature stream 1 22 is delivered to the second cathode side 40 where the remainder of tiie 
contained oxygen is transported through the oxygen selective ion transport membrane 44 and reacts with the gaseous 
fuel contained within the gaseous fuel/combustion products mixture 68 at the second anode side 50. The oxygen 
depleted gas stream 54 removed from the second cathode side 40 contains less than 10 ppm oxygen and can be deliv- 
ered, after recovery of useful heat, as a high pressure nitrogen product 104. The gaseous fuel 30 is preheated in recu- 

60 perative heat exchanger 66 and delivered to tiie first anode side' 1 6 and reacts witti oxygen tansported through ceramic 
membrane 1 2 from the first cafliode side 1 4. Since the gaseous fuel 30 contains also the fuel required in the first oxygen 
transport reactor 11, the average partial pressure of the gaseous fuel in the solid oxide fuel cell 10 is elevated to 
enhance efficiency The exiting permeate stream 68 contains gaseous fuel diluted by ^e products of combustion and 
enters the second anode side 50 of ttie first ion transport reactor 1 1 to remove oxygen transported through tiie ceramic 

55 memtxane 44 from ttie second cathode side 40 by a reactive purga The exiting permeate stream 144 contains com- 
bustion products, a mixture of water vapor and carbon dioxide, and is useful as a sweep gas to purge the third anode 
side 1 24 of the second ion transport reactor 112. Permeate stream 78 exiting from the second ion transport reactor 112 
contains a mixture of comknistion products and oxygen. Following the recovery of useful waste heat in recuperative heat 
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exchanger 66, condenser 1 58 and separator 1 60 are utilized to recover a low purity oxygen product gas 52 that contains 
about 75%, by volume, of oxygen with the bulk of the impurities being cartx>n dioxide. If required, the cart}on dioxide 
could be removed by a downstream process arxi the oxygen recovered. Recycled water 92 is appropriately discharged. 
If the oxygen or cartx)n dioxide are not desired, stream 78 may also be discarded after recovery of useful heat in recu- 
5 perator 66. 

[0082] Table 3 identifies the input parameters for the system schematically illustrated in Rgure 7. 



Tables 
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PARAMETER 


VALUE 


FIGURE 6, REF. 
NUMERAL 


Air Row 


126,000 NCFH 


28 


Compressor Discharge Pressure 


150psia 


162 


No of compression stages 


3 


162 


Adiabatic Compressor Efficiency 


85% 


162 


SOFC Efficiency 


60% 


10 


SOFC Operating Temperature 


950 X 


10 



[0083] The results of the calculations utilizing the inputs of Table 3 are tabulated in Table 4. 

25 

Table 4 



PARAMETERS 


VALUE 


FIGURE 7, REF 
NUMERAL 


Nitrogen Product at < 10 ppm 02 


100,000 NCFH 


104 


Nitrogen Product Pressure 


140psia 


104 


Nitrogen Recovery 


100% 


104 


Potential Oxygen Byproduct 


16,120 NCFH contained at 75.9% Purity 


52 


Byproduct Pressure 


14.7 psia 


52 


Oxygen Recovery 


61% 


52 


Potential Stream for Export 


2.900 Lbs./Hr. 


170 


Required Fuel 


5.100 NCFH of Natural Gas 


30 



[0084] An advantage of the system illustrated in Rgure 7 is that the efficiency is enhanced by the availability of fuel 
diluent, in the form of contbustion products from the solid oxide fuel cell 1 0. and the first ion transport reactor 1 1 to purge 

45 the second ion transport reactor 112. This enables high recovery rates of both nitrogen and oxygen. A nonintegrated 
(separate fuel cell powering the compressor or an independent ion transport membrane) separation system would be 
burdened by additional capital expenditure for the separate air and fuel circuits, the capital and energy penalties due to 
a larger fuel cell which is required to supply the air compression power for tx>th systems and greater energy penalties 
due to cold end temperature differential losses, 4ikely resulting in less efficient fuel utilization. 

so [0085] The specific features of the invention are shown in one or nrx^re of the drawings for convenience only, as each 
feature may be combined with other features in accordance with the invention. Altemative embodiments will be recog- 
nized by those skilled in the art and are intended to be included within the scope of the claims. 

Clainis 

55 

1. A process for the generation of electric power and a product gas stream from a mixture of an oxygen-containing 
stream gas and a first gaseous fuel stream, comprising: 
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(a) proN^iding a solid oxide fuel cell having a first cathode side and a first anode side; 

(b) providing a first ion transport reactor having an oxygen-selective ion transport membrane di^sed therein, 
said oxygen-selective ion transport membrane having a second cathode side and a second anode side; 

(c) contacting said oxygen<ontaining gas stream with said first cathode side and contacting said first gaseous 
5 fuel stream with said first anode side; 

(d) transporting a first oxygen portion off said oxygen-containing gas stream from said first cathode side to said 
first anode side; 

(e) reacting said first oxygen portion with said first gaseous fuel stream at said first anode side and generating 
a flow of electrons from said first anode side to said first cathode side; 

10 (f) recovering said flow of electrons as electric power; 

(g) directing a remainder of said oxygen-containing gas stream as a first retentate stream from said first cath- 
ode side to said second cathode side; 

(h) contacting said first retentate stream with said second cathode side and transporting a second oxygen por- 
tion from said second cathode side to said second anode side; and 

IS (i) recovering a gas stream as said product gas stream from at least one of said first cathode side, said first 

anode side, said second cathode side and said second anode side. 

2. The process of daim 1 wherein said oxygen-corrtaining gas stream includes air. 

20 3. The process of claim 2 further including compressing said air prior to contacting said first cathode side. 

4. The process of claim 3 further including recovering oxygen as said product gas stream from said second anode 
side. 

25 5. The process of claim 4 further including reacting a retentate gas stream exiting from said second cathode side with 
a second gaseous fuel stream to generate combustion products. 

6. The process of daim 5 wherein said combustion products are utilized to drive a turbine. 

30 7. The process of daim 2 wherein a recuperative heat exchanger transfers heat from at least one stream, after contact 
of said stream with at least one of said first and second cathode and anode sides, to said air and to said first gas- 
eous fuel stream upstream of said solid oxide fuel cell. 

8. The process of claim 2 further including sweeping said second anode side with steam at an elevated pressure 
35 wherry a permeate gas stream exiting from said second anode side contains a mixture of steam and oxygen. 

9. The process of daim 8 further induding acljusting the ratio of steam to oxygen in said permeate gas stream from 
said second anode side to a molar ratio effective for coal gasification. 

40 10. The process of daim 9 wherein said adjusting step comprises dividing said permeate gas stream from said second 
anode side into a first portion and a second portion, cooling said second portion, condensing out water from said 
second portion, compressing remaining gas from said second portion back to the pressure of said permeate gas 
stream and then recombining said first portion and said second portion. 



so 
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